Wind tunnel experiments are carried out to investigate the interference effect of a downstream strip-plate of width w = d on the crossflow vibration of a square cylinder of side length d = 26 mm. While the vibration induced by the Karman vortex is insufficiently suppressed by plates with crossflow height less than l d = 4d, the galloping is suppressed even by a square plate, i.e. l d = d, at gap ratios 1 < s/d < 2.0. When a plate of l d ≤ 2d is located at a gap ratio s/d < 1-1.4, a large vibration occurs at U > 5 m/s with maximum amplitude around s/d = 0.3. This amplitude increases divergently with increasing flow velocity. Measurement of the lift force on the square cylinder and the velocity in the near wake for the corresponding fixed system indicates that the vibration is not caused by periodic flow changes. The quasi-static hypothesis predicts that the vibration is caused by fluid-elastic instability but not by a periodic vortex shedding. Hence, the name 'Wake Body Interference Fluid Elastic Vibration (WBIFEV)' is proposed for this vibration.
Introduction
Square cross-sectional cylinders (square cylinders) in uniform flow are known to vibrate in the crossflow direction. This vibration is induced by the Karman vortex (hence its name, Karman vortex-induced vibration, abbreviated to KVIV) and by fluid-elastic instability called galloping. Numerous studies have been conducted on suppressing these vibrations and various techniques such as placing another cylinder downstream in tandem arrangement (1) (2) (3) (4) (5) , attaching small bodies to the vibrating cylinder (4, 6) and small 2-D aerofoil-shaped fairings at both up-and down-stream ends of the vibrating body (6) are known to be effective. On the other hand, tandem placement of an identical counterpart can enhance the vibration (5) . Most of these methods are aimed at two-dimensional flow control.
Recently, it was reported that vibrations can be suppressed or created by the three-dimensional interference effect of a downstream cylinder or a strip-plate in a cruciform arrangement. In this setup, nothing is attached to the vibrating cylinder and the flow is interfered by a body downstream of the cylinder. Bae et al. (7) reported that KVIV of a circular cylinder is suppressed by setting an identical counterpart downstream in cruciform arrangement. They also identified another vibration is induced at velocities above the KVIV range by longitudinal vortices periodically shedding around the crossing (LVIV: longitudinal vortex-induced vibration).
Interference Effect of Downstream Strip-Plate on the Crossflow Vibration of a Square Cylinder*
Later, two types of longitudinal vortices were recognised; trailing vortex (TV) and necklace vortex (NV) with different configurations and shedding frequencies. These vortex types are interchangeable by varying the gap-to-diameter ratio s/d, where d is the diameter of the upstream cylinder and s is the gap between the two cylinders (8) .
Koide et al. (9) replaced the downstream cruciform arrangement circular cylinder with a strip-plate of width w = 0.5d-1.75d, expecting that the plate would offer better flow control, and investigated its influence on the vibration of the upstream circular cylinder. In a series of wind tunnel experiments, they found that the strip-plate exerts greater KVIV suppression than the circular cylinder; specifically, the effect of a strip-plate of w/d = 0.5 is comparable to that of a circular cylinder of diameter d. They also reported that KVIV is enhanced by The present authors (11) investigated similarity of the above phenomena in systems of different dimensions. In the previous paper, the same phenomena were reported regardless of the system dimensions and increasing w/d increased the range of s/d that suppressed galloping. Visualization experiments of flows on the square cylinder surface showed that LVIV reported by Koide is induced by the trailing vortex. The above research suggests that cylinder vibrations can be controlled by the three-dimensional interference effect of a downstream body. To date, experiments have adopted a downstream cylinder or strip-plate of infinite length, i.e. the downstream body spans the entire height of the measuring section of wind tunnel. From a practical viewpoint, the length of the downstream body must be known and a smaller length is desirable.
In the current work, a strip-plate of width w = d and finite length l d , as short as l d = d, is placed downstream of a square cylinder. The aim was to investigate how the finite-length plate influences crossflow vibrations on the cylinder, with a view to developing a vibration control technique.
Experimental apparatus and measurements
Arrangement of the experimental apparatus and the coordinate system used in this study are shown in Fig.1 . The square cross-section and length of the test section is 0.32 m×0.32 m and 1 m, respectively (the upper and lower walls of the test section are not shown in Fig.1) . A square cylinder of side length d = 26 mm and effective length L = 315 mm passes through slots on the side walls of the measuring section and is elastically supported by two twin-plate-springs at both ends outside the measuring section, so that it moves in a crossflow direction. The effect of flow through the slots is removed by end plates attached to the cylinder. A strip-plate of width w = d, thickness t = 5 mm and length l d is placed downstream of the square cylinder, fixed rigidly to an L-shaped support that is mounted on a traversing device below the measuring section enabling adjustment of the gap s. In our previous work (11) , the strip-plate spanned the entire height of the measuring section, which is indicated as l d /d = ∞ in the current paper. The free flow velocity U is measured by a ring-type velocimeter (12) . The x-component of the velocity u is measured by a hot-wire probe placed at an appropriate location to detect According to these results, the large-amplitude vibration induced by the l d /d ≤ 6 plates at 2.0 > s/d > 1.0 is similar to the 'Enhanced Karman Vortex Induced Vibration (EKVIV)' observed in circular cylinder/strip-plate systems (9) . Vibrations are suppressed less effectively as the strip-plate length decreases. The suppression effect becomes insignificant when l d /d < 2 plates are used. In contrast, the vibration suppression effect in Fig. 3 is largely different from that of KVIV in (Fig. 3) . Vol. 8, No. 3, 2013 For the l d /d = 2 and l d /d = 1 plates, a large-amplitude vibration, about 3 times and 1.8 times larger than that of a single square cylinder, respectively, occurs at s/d < 1.0. This vibration appears to be unique to shorter strip-plates and has not been previously reported. At all s/d, S u develops an obvious peak at a certain frequency f u and a dull peak at 2f u (see Fig. 6(a) ). By contrast, S L shows a single sharp peak at f L = f u (Fig. 6(b) ). The Strouhal numbers St u and St L , defining the non-dimensional frequencies of u and F L respectively, at s/d > 2.7 and s/d < 1.6, approximate the Strouhal number of the Karman vortex shedding frequency St 0 = 0.13 for a single fixed square cylinder. Hence, it is re-confirmed that f u in Vol. 8, No. 3, 2013 Regions A, B and C of Figs. 2 and 3 is the Karman vortex frequency. By contrast, no peak around f n appears in Fig. 6 in s/d regions corresponding to Region E in Figs. 3 and 4 . These results verify that the sharp peaks at f u = f n occurring at s/d =0.1-0.6 in Fig. 4(a) for the elastically supported square cylinder are caused by the oscillation of the square cylinder and not by Karman vortex shedding. Therefore, the vibration observed at s/d < 1.0 in Fig. 3, i. e. WBIV is attributable to fluid-elastic instability, but not to periodic vortex shedding. 
Influence of downstream strip-plate length on galloping and LVIV
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Verification of WBIV as a Fluid-Elastic-Instability vibration

Effect of position of downstream plate relative to the cylinder
Fluid-elastic-instability vibrations are induced by instability of the system to the displacement or the velocity of the body motion. Therefore, the WBIV shown in Section 3.2 may be incited by instability to the location of the downstream plate relative to the square cylinder, i.e. the relative displacement of the plate may generate a fluid force that enhances cylinder motion. To test this idea, a plate was affixed to the square cylinder with a bracket in a T-shaped fin, as shown in Fig. 7 . The effect of this plate on galloping was investigated considering the bracket length and gap s to be equivalent. The bracket and the plate were fabricated from planar balsa wood of thickness 5 mm and width w=d.
This test was initially conducted on two plates of length l d /d = 2 and 1.5; the dimensions at which WBIV is most remarkably observed. The velocity u and displacement Z were measured at a galloping flow velocity U = 8.95 m/s using T-fins at s/d = 0.2-6.0. A preliminary experiment conducted on the brackets alone showed that the brackets exert negligible effect on vortex shedding and cylinder vibration over a range of flow velocities. (Fig. 9) , are compared to those of the detached counterpart. To compensate for differences between the experimental conditions (Table 1) , the non-dimensional amplitude was multiplied by the Scruton number Sc. In this figure, almost no vibration is discernible at l d /d ≥ 3 for either the T-fin or the detached plate, confirming that the galloping suppression effect is equivalent between the two cases. However, agreement among the WBIV induced by the shorter plates is qualitative rather than quantitative, since the maximum vibration appears at l d /d = 1.5 for the T-fin but at l d /d = 2.0 in the detached plate system.
The results presented in this section exclude the relative position in the strip-plate/square-cylinder system as an essential cause of WBIV. 
Prediction of WBIV induced by a short plate
FIVs are generally difficult to predict since the fluid force F z (t) exerted on a vibrating body cannot be estimated. However, the galloping, a typical vibration in FEV category, can be predicted from the quasi-steady approximation, in which the exciting force on the vibrating body is assumed equivalent to the time-averaged fluid force acting on the same stationary body at an attack angle given by Eq. (1). Applying this approximation, the exciting force Z F is the z-component of the vector sum of the time-averaged lift L F and the drag D F .
( )
In this method, L F and D F are obtained either computationally or experimentally. The subsequently obtained Z F is approximated by a polynomial of 3 rd to 7 th order.
Applying this Z F to the equation of motion of the body, the vibration amplitude is analytically or numerically obtained.
However, since the above approximation for Z F is not generalisable, here we propose a new method that predicts WBIV from energy considerations.
When a square cylinder oscillates with period T, the work done by the exciting force F z during a single cycle is given by
The energy dissipated during a cycle by a damper with damping factor C e is
If the oscillation is steady, the oscillation amplitude Z A should satisfy the following condition. Vol. 8, No. 3, 2013 Now, the quasi-steady approximation for galloping is assumed to also hold for WBIV. Under this condition, w FZ can be expressed as a function of Z A . The exciting force Z F at some phase θ = 2πf n t during the oscillation cycle is then estimated through the following procedure.
1) Specify Z A and calculate Z and Z & at phase value θ.
2) Obtain α from Eq. (1).
3) Obtain 
is assumed independent of Z. Adopting this simplification, the experiments are conducted at an appropriately selected Z A and the results are inserted into Eq. (7) to obtain the exciting force coefficient. Z C thus obtained is considered applicable to arbitrary
In this work, L F and D F were measured in wind tunnel experiments at Z A = 7 mm decided from Fig. 5 . The exciting force coefficient Z C calculated from these results is plotted against θ = 2πf n t in Fig. 10 . In this figure, the fluid force Z F acts in the direction of body motion in the red-hatched region 'A', supplying energy to the body to sustain steady oscillations. The result for Z C is approximated by the solid curve, which is used to calculate Z A at various U through the above described procedure. The result is compared with measurement in Fig. 11 At galloping velocity (Fig.13) 
Concluding remarks
In our previous report, the crossflow vibration of a square cylinder of side length d was found to be largely affected by a cruciform arrangement of a downstream strip-plate of width w = d and virtually infinite length. In this work, a finite-length strip-plate was placed downstream of the cylinder and its effect on the cylinder vibration was investigated through wind tunnel experiments. The aim was to achieve vibration control.
The results are summarized as follows 
